Abstract
Introduction
n recent years, nanoparticles of noble metals have been the subject of numerous research investigations because of their potential applications as advanced materials with extraordinary physical and chemical properties [1] [2] [3] [4] [5] .
The shape-controlled synthesis of metal nanoparticles has attracted significant interest because their properties and applications are affected greatly by their morphologies [6] [7] [8] [9] [10] . Noble-metal nanoparticles are of special interest for many applications, including catalysis [11] [12] [13] sensors [14] and other applications [13, 15] .
Hydrogen, H2, is one of the most important industrial chemicals and is used in many chemical processes and various industries [16] [17] [18] [19] . In power plants, hydrogen is used for removing friction heat in turbines. It has also received much consideration recently in the search for renewable energy sources, particularly related to the development of fuel cells based on hydrogen fuel [20] . Hydrogen is found wide application as a fuel in rockets and as a lifting gas in weather balloons. Hydrogen as a fuel in futuristic automobiles using a H2/O2 fuel cell is a definite possibility, but there is a need for a hydrogen fuel leak-detection system [21] . Hydrogen is colorless, odorless, tasteless, flammable and explosive, so most human senses will not help to detect a leak. For these and other reasons, Hydrogen must be monitored. Therefore, substantial efforts are carried out to develop sensitive, reliable and inexpensive hydrogen sensors for the fast detection of hydrogen leaks [22] [23] [24] [25] [26] Among the various noble metals nanoparticles, Pd nanoparticles has significant performance in the field of hydrogen storage and sensing [27] [28] [29] [30] . Also, a simple method for synthesizing nanostructured Pd with controllable morphology remains a challenge.
Up to now, various methods have been developed to obtain the morphology controlled synthesis of Pd nanoparticles. Most of these methods are based on the solvothermal and hydrothermal processes, the use of surfactants, ligands or templates, solution-phase synthesis, chemical vapor deposition, chemical liquid deposition [25] , microwave method [26] , hydrogen reduction and electrochemical deposition [27] [28] [29] [30] [31] .
Electrochemical deposition is superior to other methods morphology controlled synthesis because of the minimum requirement of the additives and absence of any interfering and byproducts generated during the electrodeposition of metal nanoparticles. Moreover, the nanoparticles can be synthesized in room temperature by electrodeposition. Hence, electrochemical deposition is a versatile technique that can be used to synthesize desirable nanostructures for diverse applications [10, [31] [32] [33] . Under certain conditions, the morphology of electrodeposited metal nanoparticles can be controlled by regulating deposition potentials.
Herein, we report a low cost and simple method for the synthesis of Pd nanostructures with controllable morphology by electrochemical deposition. Also, this paper explains the configuration and fabrication of a new amperometric sensor of hydrogen. It uses a Nafion-117 membrane as a solid phase electrolyte and a polytetrafluoroethylene (PTFE) sheet as a gas-permeable diffusion membrane. This sensor was based on a three-electrode electrochemical cell system, employing palladium nanoparticles deposited on the stainless steel as a catalyst for the purpose of modification of electrodes. Two electrodes with large surface area are used as a working and a counter electrode. Another electrode (Pt/air) is used as a reference electrode. The fundamental principle, construction details and performance of the hydrogen sensor is discussed.
Experimental

2.1-Electrochemical study and deposition
All electrochemical measurements were performed at room temperature in a three-I electrode configuration cell, with an Ag/AgCl as the reference electrode. An Autolab (model PGSTAT302N) potentiostat/galvanostat was used to control the potential applied to the working electrode. The working electrode used in the voltammetry experiments and electrodeposition was a stainless steel mounted in Teflon with a specific area exposed to the solution. The potential of working electrode was measured against an Ag/AgCl reference electrode and a platinum wire was used as the counter electrode.
All chemicals were reagent grade and were used without further purification.
2.2-Characterizations
The phase characterization of Pd nanoparticles was performed by means of X-ray diffraction (XRD) using a broker d8 advance Xray diffractometer with Cu Kα radiation.
The morphology and crystalline size of the synthesized Pd samples were determined by using a Field emission scanning electron microscopy (Hitachi S4160 microscope).
2.3-Materials preparation and sensor assembly
The schematic diagram of the assembled sensor of hydrogen is shown in Figure 1 . Commercial Nafion membrane from Dupont, USA (Nafion117) was used as proton conducting solid polymer electrolyte. The membrane was boiled in 5% H2O2 for 1 h to remove organic impurities. After washing, the membrane was put in one molar Sulfuric acid at 100 °C for 2h to remove inorganic impurities. After again washing with distilled water, the membrane was stored in distilled water.
Stainless steel mesh was used as the working electrodes on which the nanostructured Pd was deposited. Before electrochemical deposition, Stainless steel mesh was chemically cleaned with acetone using an ultrasonic agitator, followed by cleaning with distilled water. For electrodeposition of Pd, a solution (ca. 200 mL) of ammonia buffer (pH 10.0, c = 0.2 M) containing 1 mM of PdCl2 was electrolyzed at -200 mV versus Ag/AgCl, in an undivided cell. The electrolysis was terminated when the decay of the current became more than 95% of the initial current. At the end of electrolysis, the prepared electrode was taken out of the solution and rinsed with distilled water several times and then dried.
The sensor was prepared according to the following method. (i) The palladium deposited on stainless steel mesh (working electrode) was placed onto the PTFE membrane. (ii) The Nafion-117 membrane was placed onto working electrode and the other side of the membrane was coated with a stainless steel mesh (counter electrode), a platinum (reference electrode) and an insulator of immediately. (iii) The assembly was placed in a hot-press at 110 °C and kept for 10 min under the pressure of 40 kg/cm 2 [34] . 
2.4-Sensor test
Sensor testing was performed at ambient pressure and room temperature (25±2 °C). High purity dry hydrogen and hydrogen-nitrogen gas mixtures were used for the measurements. The gas mixtures containing known concentration of hydrogen (in nitrogen) were passed to the sensing-electrode chamber at a 60 ml/min controlled flow rate by a flow meter (model Tucson/AZ, USA) ( Figure  2 ). Before measurements, the sensing electrode was preconditioned by passing the humid carrier gases (nitrogen) until the output signals reached steady values. The relative humidity (RH) of the gas was controlled, by passing them through a saturated solution of salt, to be 76%. The measurements were performed using an electrochemical analyzer (Autolab model  PGSTAT302N potentiostat/galvanostat) interfaced to a computer. 
Results and discussion
3.1-Electrochemical study
The reduction of Pd was studied in some detail. The cathodic current increases at potential more negative than 53.6 mV vs. Ag/AgCl in the more negative direction. The reduction peak (C1) is observed at -65.5 mV and at more negative potential, current decrease by the Cottrell equation [35] .
In the reverse sweep, current decreases and two crossovers are observed at -11.9 mV and 286 mV between the forward and reverse scans characteristic of metal deposition onto substrates of different nature.
After the direction of potential scan is switched at -300 mV to a positive scan, Pd already deposited on the electrode surface continues to grow because of the deposition reaction remaining thermodynamically and kinetically favorable. In the following anodic potential sweep, at more positive potential, one broad anodic peak is observed at 0.631 mV which is attributed to the stripping (oxidation) of Pd deposited during the scan in cathodic direction. The distance and relative position of the cathodic and anodic peaks confirm the current-potential behavior of an irreversible system [36] [37] [38] .
During the second cycle, lower crystallization overpotential is required for palladium electrodeposition (Fig3. Curve b). This phenomenon demonstrates that residual Pd deposit in the first cycle would allow easier deposition of Pd in the second cathodic cycle. Also, both the cathodic onset and peak potentials shift to the 482 mV and 71.4 mV, respectively. Whereas, these potentials do not change during the potential scan in anodic direction in the second cycle (Fig3. Curve b). Thus, higher required overpotential during first scan arises from the nucleation of Pd on the bare stainless steel electrode. In other words, the deposition of Pd (II) on Pd, in the second scan, is kinetically and thermodynamically favourable than the deposition of Pd (II) on stainless steel in first scan. As a result, Pd deposits on stainless steel by forming nuclei followed by the three dimensional growth based on the Volmer growth mechanism [39] . Figure 4 shows SEM photographs of the deposited Pd. As shown in, at the depositing potential of -200 mV vs. Ag/AgCl, the deposited Pd shows nanostructures configuration having a cauliflower shape with particle sizes ranging from 50 nm to several hundreds of nanometres. Each particle of such structure is further covered by smaller particles of similar shape (Figure 4b , inside the circle). The smallest particles on the surface layer may be in the nanometres range. This rough and porous nanostructures increases the active surface area of the electrode when compared to an electrode with a smooth surface having the same geometric shape. 
3.2-Electrochemical deposition of Pd nanostructures
3.3-Controlling the morphology of deposited Pd nanoparticles
Further studies indicate that the morphology of electrodeposited nanoparticles of Pd can be simply controlled by regulating the deposition potential. 
3.4-Deposition mechanism
Electrochemical deposition process of Pd nanoparticles includes the nucleation and growth of crystals. It is generally believed that electrochemical nucleation of a metal crystal on the different substrate is accomplished on the high-energy surface sites such as edges, corners, and other surface defects [40] [41] [42] .Generally, it can be said that the morphology of crystals strongly depends on the "thermodynamic distance" between the real conditions of crystallization and the thermodynamic equilibrium [43, 44] . It has been reported that the fractal structures are formed at extremely non equilibrium conditions, and the growth of such patterns occur through diffusion-limited aggregation (DLA) or dense branching morphologies (DBM) [45] . This 'distance' in electrochemical deposition can be easily controlled by the applied potential if other depositing conditions, such as the type and concentration of electrolyte and temperature are fixed. At high applied potential (-200 mV vs. Ag/AgCl), the 'distance' is significant and the Pd nanoparticles is deposited far away from thermodynamic equilibrium. As a result, according to the lowest-energy principle, higher overvoltage leading to the formation of cauliflower-like nanostructures [46] [47] [48] .
Under a lower applied potential (53.6 and 0.00 mV vs. Ag/AgCl), the 'distance' is not so large and the Pd particles are deposited closer to the thermodynamic equilibrium. Under these conditions, the mechanism of crystal growth changes and conversion of rough cauliflowerlike morphology to smooth morphology occurs.
3.5-Application of Pd cauliflowerlike nanostructures
Pd cauliflower-like nanoparticles can be easily electrodeposited on the surface of stainless steel electrode. From a technical point of view, the obtained cauliflower-like Pd nanoparticles may have extensive applications in various fields of electrochemistry. In the recent years, considerations in the research and progress of noble metal nanoparticles have increasingly emphasized the application in various substrates sensing. The detection of H2 has become very important because of its wide and varied applications. Therefore, amperometric hydrogen sensor based on cauliflower-like Pd nanostructures could be built. In all amperometric gas sensors, determination is done by measuring the current in the electrochemical cell between the working and counter electrode over the time as a function of the analyte concentration.
3.5.1-Principles of the amperometric hydrogen sensor
Amperometric sensor components were assembled and fixed by Plexiglas according to Figure 1 . The sensing performance of the constructed amperometric sensor was investigated in order to the detection of hydrogen in nitrogen. The following electrochemical redox reactions take place at the electrodes, i.e. oxidation at the anode and reduction at the cathode.
In this cell, reaction (1) occurs at the sensing electrode and reaction (2) occurs at the counter electrode. Pt/air is used as a reference electrode for the above mentioned electrochemical cell. Meanwhile, the protons (Anodic reaction product) move toward the counter electrode through the Nafion membrane (proton conducting solid polymer electrolyte). Under potentiostatic condition, the sensor response current is controlled by the diffusion rate of hydrogen to the sensing electrode or the oxidation rate of hydrogen at the working electrode surface. When the diffusion rate of hydrogen toward sensing electrode is much lower than the oxidation rate of hydrogen, the electrochemical reactions are a diffusion-limited process. Therefore, the steady-state current responses were observed in constant concentration of hydrogen when the constant potential of 0.2V was applied on the sensor. The use of The PTFE membrane, as a gas-permeable diffusion membrane, provide diffusion controlled process. Under this condition, we can write: 
3.5.2-Measurements of the sensor
Limiting current of the sensor depends on several factors such as the diffusion coefficient of hydrogen, gas-diffusion barrier and flow rate of test gas. Because of the electrochemical reactions that occur in the cell are a diffusion-limited, diffusion rate of hydrogen and the resulting response signal is influenced by flow rate of test gas. Figure 7 shows output current versus the gas flow rate for the sensor in the presence of hydrogen (500 ppm). As it is clear from the plot, the current response increase quickly before the flow rates reach 50 ml/min, then they increase slowly and achieve nearly a plateau state at 60-80 ml/min. In the present work, all sensor measurements were performed at flow rate of 60 ml/min. Another important factor that affects the response of the sensor is the relative humidity of the test gas mixture. Since the protonconductivity of the Nafion-117 membrane strongly depends on the water content of the membrane, it is necessary to keep the relative humidity (RH) of test gas mixture constant. Therefore, sensor was tested in various relative humidity (RH) of test gas. Table 1 shows the sensitivities of the sensor at RH 42% (saturated Zn(NO3)2 solution), 76% (saturated NaH2PO4 solution) [34] in the range of 50-2000 ppm hydrogen concentration. The results showed that the relative humidity of the test gas mixture has a strong effect on the sensitivity of the sensor. Figure 8 shows typical responses of the sensor to the step change of hydrogen concentration in nitrogen (50-2000 ppm) at room temperature. Prior to the introduction a new concentration of hydrogen, the sensor was imposed with nitrogen, to bring current back to the baseline level. Figure 8 shows that the sensor response is rapid for hydrogen concentrations between 50-2000 ppm. At a step change in the hydrogen concentration, the response time is typically 10-40 s to achieve a signal level of 90% of the steady-state current. The long-term stability of the sensor for different concentrations of hydrogen is shown in Figure 9 . As can be seen, the sensor has good reproducibility and long-term stability. The performance of the sensor during a period of 4 months was very steady. In this sensor, the catalyst of Pd supported on stainless steel has high catalysis performance. The presence of PTFE membrane as a gaspermeable diffusion membrane ensures that electrochemical reactions are a diffusion-limited process. Based on our experimental attempts, in the range of 50-2000 ppm, the sensitivity of the sensor is stable, which implies that the water content in the Nafion-117 as a solid phase electrolyte is relatively steady.
The results that obtained with hydrogen in air (50-2000 ppm range) are the same as that in nitrogen. This sensor can be used for determination of hydrogen concentration in air at the ambient temperature. Also, because the PTFE membrane as a gas-permeable diffusion membrane is hydrophobic, determination of the dissolved hydrogen in aqueous solution is possible by immerging the working electrode in the aqueous solution and exposing the counter and the reference electrode to air.
Conclusions
Electrodeposition of palladium is carried out on a stainless steel electrode in buffer solution with various deposition mechanisms which can be particularly controlled by the deposition potential. The deposited Pd nanoparticles display cauliflower-like morphology when higher overpotentials are applied on the working electrode. The obtained Pd nanoparticles can be used to prepare electrodes with large surface area in amperometric hydrogen sensor. This large surface provides more reaction sites between Pd nanoparticles and hydrogen to increase sensitivity and reduce response time of the sensor. Furthermore, the construction of a practically applicable amperometric hydrogen sensor was demonstrated based on polymer electrolyte membrane fuel cell (PEMFC) consists of three electrodes (working, counter and reference), protonated Nafion membrane as proton conducting solid polymer electrolyte (SPE) and a polytetrafluoroethylene (PTFE) sheet as a gas-permeable diffusion membrane.
The prepared sensor of hydrogen has shown good performance including high sensitivity, short response and recovery time. Also, it showed a stable and linear response to hydrogen gas in the 50 to 2000 ppm range. The sensor can be used to determination of hydrogen concentration in air at the ambient temperature. Also, the special structure of the sensor can be used as a pattern to make a sensor that be able to determine hydrogen concentration in aqueous solution at the ambient temperature.
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